IL-1 receptor antagonist (IL-1Ra) has regulatory effects on IL-1 activity both in vitro and in vivo. In the IgG immune complex model of lung injury in rats, exogenously administered human IL-1Ra suppressed neutrophil recruitment and ensuing lung injury. In this study, we sought to determine if endogenous rat IL-1Ra might regulate this lung-inflammatory response. By Northern blot analysis of lung mRNA and Western analysis of bronchoalveolar lavage (BAL) fluids, rat IL-1Ra expression was found to increase during development of inflammation in IgG immune complex-mediated alveolitis. By immunostaining, alveolar macrophages and recruited neutrophils were the apparent sources of IL-1Ra. In vivo blocking of endogenous IL-1Ra resulted in a 53% increase in lung vascular permeability and a 180% increase in BAL fluid neutrophils. In companion studies, a significant increase in IL-1beta was found, whereas no significant change in TNFalpha activity was observed. Whereas the in vivo regulatory effects of IL-1R appear to be limited to IL-1beta, IL-10 regulates both IL-1beta and TNF-alpha in this model, reflected by a 48% increase in BAL IL-1beta in rats treated with anti-IL-10. These findings suggest that IL1Ra is an intrinsic regulator of inflammatory injury after deposition of IgG immune complexes and that it regulates production of IL-1beta. 
Introduction
IL-1 is an important proinflammatory cytokine derived from monocytes, macrophages, and other cells and has several biological effects (for reviews see references 1 and 2). There exist ␣ and ␤ forms of IL-1, which, despite sharing only ‫ف‬ 29% homology, display similar effects, including induction of adhesion molecule expression on endothelial cells (3) , neutrophil recruitment in vivo (4) , and production of fever, hypotension, and peripheral neutrophilia as well as many other biological effects (1, 2, 5) . Based on these properties, IL-1 has been implicated in a range of inflammatory diseases. The pleiotropic properties of IL-1 suggest that it is probably subject to stringent in vivo regulation.
There are several potential mechanisms for intrinsic regulation of IL-1 (6) , including blocking of IL-1 gene transcription, binding of secreted IL-1 by soluble IL-1 receptors (7), IL-1 receptor antagonism, and interference with IL-1-induced signal transduction at a postreceptor level. IL-1 receptor blockade was originally suggested by the report of an IL-1 competitive inhibitor that bound to the IL-1 receptor without producing the agonist effects (8) and supported by the identification of a cDNA for and functional expression of this inhibitor (9, 10) . Production of the IL-1 receptor antagonist protein (IL-1Ra) 1 occurred after adherence of human monocytes to solid-phase IgG (10) or by stimulating human myelomonocytic cells with both PMA and GM-CSF (11) . IL-1Ra synthesis was induced by phagocytic cell triggers such as immune complexes, LPS, and PMA (12) , suggesting that IL-1Ra has natural regulatory functions.
Whereas expression of IL-1Ra has been studied under a variety of in vitro conditions, there are no reports that elucidate the role of endogenous IL-1Ra in in vivo models of acute lung injury. Since intrapulmonary deposition of IgG immune complexes leads to production of IL-1 (13) , and monocytes grown on adherent immune complexes produce IL-1Ra (10, 14) , we sought to determine if IL-1Ra was produced during the development of acute lung injury after intrapulmonary deposition of IgG immune complexes. mRNA for IL-1Ra in lung tissue and IL-1Ra protein in bronchoalveolar lavage (BAL) fluids were detected during the course of this experimental inflammatory reaction. Immunofluorescent staining for IL1Ra identified both alveolar macrophages and neutrophils as likely sources of IL-1Ra. Considering that IL-1Ra might function as an endogenous regulator of inflammation, intravenous administration of anti-IL-1Ra at the commencement of lung injury was performed and resulted in augmentation of injury, as reflected by increased lung permeability and enhanced BAL neutrophil counts. Additionally, under these same conditions, an increase in the level of IL-1 ␤ in BAL fluids was detected without a concurrent increase in TNF-␣ activity. This pattern differs from the findings in the same experimental model after neutralization of intrinsic IL-10, which led to increases in both IL-1 ␤ (presented below) and TNF-␣ in BAL fluids (15) . Taken together, the current data support the concept that IL-1Ra is an important endogenous regulatory protein of IL-1 ␤ during the development of acute lung injury. These studies also suggest that regulation of IL-1 ␤ expression by endogenous IL-1Ra is selective and does not extend to regulation of TNF-␣ .
Methods
Reagents. All reagents were purchased from the Sigma Chemical Corp. (St. Louis, MO) except where otherwise noted.
Antibody. Rabbits were immunized with recombinant murine IL1Ra in CFA. Polyclonal rabbit antibody was titered for reactivity to human IL-1Ra by indirect ELISA. Briefly, a 96-well ELISA plate (Immulon 4, Chantilly, VA) was coated with soluble recombinant human IL-1Ra (1 g/ml) overnight at 4 Њ C. The plate was blocked with 2% BSA in PBS, pH 7.4, for 1 h before addition of serial dilutions of rabbit anti-murine IL-1Ra serum. The plate was washed, and 100 l/ well horseradish-peroxidase-conjugated goat anti-rabbit antibody (1:3,000 dilution; Bio-Rad Laboratories, Richmond, CA) was incubated with samples. The reaction was developed with o -phenylenediamine dihydrochloride substrate and was stopped with 3 M H 2 SO 4 . Titers were determined by measuring absorbance at 490 nm. Where indicated, rats undergoing IgG immune complex-induced lung injury received 0.5 ml antiserum to IL-1Ra (titer Ն 10
) intravenously upon initiation of injury as described below. A companion set of rats received intravenously 0.5 ml serum obtained from rabbits before immunization with IL-1Ra (preimmune serum).
For Western blot analysis and immunofluorescent staining (see below), goat anti-murine IL-1Ra antibody provided by S.W. Chensue was used as the primary antibody.
Model of IgG immune complex-induced alveolitis. For all studies, adult male 275-300-g (specific pathogen-free) Long-Evans rats were used. Rabbit polyclonal IgG rich in antibody to BSA (anti-BSA) was used in the IgG immune complex model of lung injury. Intraperitoneal ketamine was administered for sedation and anesthesia. 2.5 mg rabbit IgG anti-BSA in a volume of 300 l PBS was instilled via an intratracheal catheter during inspiration. Immediately thereafter, 10 mg BSA together with trace amounts of 125 I-BSA (as quantitative marker of permeability) were injected intravenously, as described elsewhere (16) . Rats were killed 4 h later, the pulmonary circulation was flushed with saline, the lungs were surgically dissected, and the amount of radioactivity ( 125 I-BSA) was determined by scintillation counting to quantitate lung injury by increases in vascular permeability. Negative control animals received anti-BSA intratracheally without BSA administration by the intravenous route. For calculations of the permeability index, the amount of radioactivity ( 125 I-BSA) remaining in the saline-perfused lungs was compared with the amount of radioactivity present in 1.0 ml blood obtained from the inferior vena cava at the time of death.
Cloning of rat IL-1Ra and detection of mRNA by Northern blot analysis. Full-length cDNA for rat IL-1Ra was PCR cloned by reverse transcription of mRNA isolated from IgG immune complexinjured lungs. The PCR reaction was primed using the following oligonucleotides: 5 Ј primer: 5 Ј -ATG GAA ATC TGC AGG GCA CCT-3 Ј ; 3 Ј primer: 5 Ј -CTA TTG GTC TTC CTG GAA GTA-3 Ј . The cDNA product was ligated into a PCR ™ cloning vector (Invitrogen, San Diego, CA), sequenced, and confirmed to be secretory rat IL-1Ra cDNA by comparison with the published sequence (17) . These primers were predicted to amplify the cDNA encoding the secretory form of rat IL-1Ra; however, it may also hybridize to the as yet uncharacterized intracellular form of rat IL-1Ra. After IgG immune complex deposition, rats were killed at 2-h intervals from 0 to 8 h. Whole lungs were dissected and frozen in liquid nitrogen for Northern blot analysis of IL-1Ra mRNA. RNA was extracted using a guanidiniumisothiocyanate method as described previously (18) . 12 g RNA was fractionated electrophoretically in a 1% formaldehyde gel and transferred to a nylon blot (Zetabind; Cuno, Inc., Meriden, CT). The cDNA for rat IL-1Ra was [ 32 P]dCTP radiolabeled (DuPont-NEN, Boston, MA) by PCR amplification to generate the cDNA probe. Hybridization to mRNA was performed at 65 Њ C for 18 h, and the autoradiogram was developed on X-Omat film (Eastman Kodak, Inc., Rochester, NY). Densitometry was performed using a densitometer (Fotodyne, Inc., New Berlin, WI) with AMBIS software (San Diego, CA). Equal loading of samples was confirmed by methylene blue staining of 18S and 28S rRNA bands and probing with [
Western blot analysis for IL-1Ra. At the times indicated (0-8 h), 8 ml PBS was instilled three times and withdrawn from the lungs via an intratracheal cannula. BAL fluids were subjected to SDS/PAGE (15%) according to the method of Laemmli (19) . At each time point, 40 g of total protein (BAL fluid volume between 16 and 20 l) was loaded in each lane under reducing conditions. The separated proteins were transblotted to nitrocellulose (0.45 m; Bio-Rad Laboratories) for 2 h at 12 V. After transfer, the membrane was blocked with 20 mM Tris-HCl, pH 7.5; 500 mM NaCl; 0.05% Tween 20 (T-TBS) (vol/vol) containing 3% BSA for 2 h at room temperature. The blot was next incubated for 1 h with the primary antibody (goat antimurine IL-1Ra antiserum, 1:500 dilution). After washing, secondary antibody (rabbit anti-goat IgG alkaline phosphatase-conjugated antibody; Bio-Rad Laboratories) was added at a final dilution of 1:3,000 in T-TBS and incubated for 30 min. After washing, the membrane was developed by the addition of alkaline phosphatase substrate solution (5-bromo-4-chloro-3-indoyl phosphate and nitroblue tetrazolium in 10 mM Tris, pH 9.5). Rainbow molecular weight markers (Amersham Corp., Arlington Heights, IL) were used to estimate the size of the immunoreactive bands (2,350-46,000 D). Recombinant murine IL-1Ra kindly provided by Dr. M. Bienkowski (Cell Biology Unit, Upjohn Co., Kalamazoo, MI) was used as control.
BAL fluid analysis: neutrophils, IL-1 ␤ , and TNF-␣ quantitation. The BAL fluids were collected as described above, and total white cell counts were determined using a Coulter counter (Coulter Electronics, Hialeah, FL). Cell differentials were determined using cytospin centrifugation (700 g for 7 min) on BAL fluids. Specimens were fixed and stained with Diff-Quik products (Baxter Healthcare Corp., Miami, FL) for determination of percentage of neutrophils and macrophages/monocytes. The total numbers of neutrophils for each BAL sample were then determined according to the volume of BAL recovered.
Remaining BAL samples were centrifuged at 1,500 g for 10 min, and the supernatant fluids were evaluated by ELISA for IL-1 ␤ using a murine IL-1 ␤ ELISA kit provided by BioSource Intl. (Camarillo, CA) that has demonstrated cross-reactivity with rat IL-1 ␤ . The minimal detectable concentration of IL-1 ␤ is Ͻ 7 pg/ml. The anti-IL-1Ra serum at a 1:200 dilution did not interfere with IL-1 ␤ standard curve determination.
Finally, TNF-␣ activity in BAL samples was determined using a standard LM cell cytotoxicity assay as previously reported (20) .
Identification of cell sources of IL-1Ra. BAL fluids obtained from rats undergoing IgG immune complex-induced lung injury were subjected to centrifugation at 1,500 g for 10 min. Hypotonic lysis of red blood cells was performed, and the remaining cells were resuspended in 1% BSA in PBS at a concentration of 500,000 cells/ml. Samples for immunofluorescent staining were obtained by spinning 100 l of these cell suspensions in a centrifuge (Cytospin Shandon Scientific Ltd., Shandon, UK; 700 g , 7 min). Cytospin specimens were first fixed with 100% methanol and stored in Ϫ 20 Њ C before staining. For staining, specimens were fixed with acetone and allowed to air dry. Samples were then incubated at 4 Њ C with the primary antibodies, either anti-murine IL-1Ra antiserum (1:500 dilution, positive control), or preimmune rabbit serum (1:500 dilution, negative control). After overnight incubation, the slides were washed in PBS (5 min) and then treated with a rhodamine-conjugated, anti-rabbit IgG secondary antibody (Sigma Immunochemicals) at room temperature for 45 min. Slides were washed in PBS and fixed with mounting solution (Fluoromount-G; Southern Biotechnology Associates, Inc., Birmingham, AL) for evaluation by fluorescence microscopy.
Statistical analysis. All values were expressed as mean Ϯ SEM. For all data points in the studies described, n Ն 5. Data sets were examined with one-and two-way ANOVA to determine statistical significance at P Ͻ 0.05. Statistical significance between individual group means was then determined with Tukey's procedure. For calculation of percentage change in permeability indices, mean negative control values were first subtracted from values in positive control groups and in each treatment group.
Result
IL-1Ra mRNA time course in IgG immune complex-induced alveolitis. Expression of mRNA for IL-1Ra in lung extracts from animals undergoing IgG immune complex-induced lung injury was determined as a function of time (0-8 h) after induction of the lung-inflammatory reaction. RNA was analyzed by Northern blots that were probed with 32 P-labeled cDNA for rat IL-1Ra. The results in which the mean relative optical density as a function of time was determined are shown in Fig. 1 A . Equal gel loading of RNA was suggested by methylene blue staining of 18S and 28S bands (Fig. 1 C ) and confirmed by determination of ␤ -actin levels (Fig. 1 D ) . Whereas very little mRNA was found at 0 h, there was a progressive increase in IL-1Ra mRNA between 2 and 4 h, with peak mRNA expression occurring at 6 h ( Fig. 1 B ) .
IL-1Ra content in BAL fluids during IgG immune complex-induced lung injury. IL-1Ra content in BAL fluids of lungs injured by IgG immune complex deposition was confirmed by Western blot analysis. In rat lung, IL-1Ra appeared to be constitutively expressed, since animals killed at the initiation of injury (0 h) had detectable IL-1Ra (Fig. 2) . The predominant immunoreactive material appeared at 18 kD, consistent with the predicted molecular weight of rat IL-1Ra. In addition, murine recombinant IL-1Ra was run simultaneously as standard and demonstrated immunoreactivity at the same molecular weight (Fig. 2) . Though only semiquantitative, peak expression of IL-1Ra in BAL fluids appeared to occur at 6 h, followed by a decline at 8 h (Fig. 2) .
The band at 28 kD is a nonspecific one unrelated to rat IL1Ra. This band most likely reflects reactivity between a fragment of rabbit IgG and the secondary antibody based on the observations that this band appears on Western blots developed with antibody to IL-1Ra absorbed with IL-1Ra, whereas the reactivity with the bands at 18 kD is lost (data not shown). Furthermore, BAL fluids from rats not given rabbit anti-BSA intratracheally do not contain a band at 28 kD (data not shown).
Source of IL-1Ra production during IgG immune complexinduced lung injury. Fluorescent microscopy of cytospin cell preparations obtained at time 0 h suggested little, if any, presence of IL-1Ra in alveolar macrophages. A substantial number of both macrophages and neutrophils obtained 4 h after the initiation of lung injury in BAL fluids demonstrated cytoplasmic staining for IL-1Ra (Fig. 3, A and B ) . No staining of cells was observed in the 4-h cytospin preparations when preimmune rabbit serum was used as the primary antibody (Fig. 3  C ) . Because of the lack of fluorescent signaling, the automated camera lengthened the photographic exposure time for the sections stained with preimmune serum so that the background intensity was higher. However, it is clear that no cells stained positively with preimmune sera. These results demonstrate that, after induction of lung injury by IgG immune complex deposition, both macrophages and neutrophils may be sources of IL-1Ra production. Production of IL-1Ra by other potential sources such as epithelial cells was not assessed in these studies. (Fig. 4) . When compared with the anti-BSA ϩ BSA group, the intravenous administration of 0.5 ml of preimmune serum to rats undergoing IgG immune complex-induced lung injury ( Fig. 4 ; anti-BSA ϩ BSA ϩ preimmune ) did not result in a statistically significant change in permeability (0.64 Ϯ 0.07). However, in companion animals treated at time 0 h with 0.5 ml anti-IL-1Ra antiserum ( Fig. 4 ; anti-BSA ϩ BSA ϩ anti-IL-1Ra ), a 53% increase in lung permeability index (1.02 Ϯ 0.12; P ϭ 0.02) was evident at the time of death (4 h).
The effect of anti-IL-1Ra treatment on neutrophils retrieved in BAL fluids was assessed. Total BAL neutrophil numbers were determined and expressed as BAL neutrophil counts ϫ 10 3 (Fig. 5) . The mean volume of BAL fluids recovered from all study animals was 6.4 Ϯ 0.3 ml. IgG immune complex-induced injury ( anti-BSA ϩ BSA ) was associated with a fourfold increase in BAL neutrophils compared with negative controls ( anti-BSA alone ). The mean neutrophil number increased from 387 Ϯ 77 ϫ 10 3 in animals receiving only anti-BSA intratracheally ( Fig. 5; anti-BSA alone) to 2,331Ϯ304 ϫ 10 3 in positive control animals otherwise untreated ( Fig. 5; anti-BSA ϩ BSA). As shown in Fig. 5 , administration of preimmune serum to a companion set of anti-BSA ϩ BSA rats did not significantly change BAL neutrophil counts (1,740Ϯ228 ϫ 10 3 ; anti-BSA ϩ BSA ϩ preimmune), whereas treatment of rats with 0.5 ml anti-IL-1Ra antiserum resulted in a 180% increase in BAL neutrophils (6,575Ϯ847 ϫ 10 treated with antiserum to IL-1Ra at the commencement of injury ( Fig. 6 ; anti-BSA ϩ BSA ϩ anti-IL-1Ra), there was a 183% increase (P Ͻ 0.001) in BAL IL-1␤ (69.8Ϯ16 pg/ml) when compared with the anti-BSA ϩ BSA group (Fig. 6 ), which correlated with the increase in BAL neutrophils (Fig. 5) , suggesting that naturally expressed IL-1Ra negatively regulates in vivo production of IL-1␤.
Effect of anti-IL-1Ra on TNF-␣ content in BAL fluids. Levels of TNF-␣ in BAL fluids obtained 4 h after commencement of intrapulmonary deposition of IgG immune complexes were also determined. Anti-BSA alone rats had low levels of TNF-␣ (103Ϯ62 pg/ml) in BAL fluids (Fig. 7) . Injury initiated by IgG immune complex deposition (anti-BSA ϩ BSA) resulted in a substantial increase in BAL fluid content of TNF-␣ (589Ϯ104 pg/ml; Fig. 7) . Rats receiving 0.5 ml preimmune serum at the initiation of immune complex deposition (anti-BSA ϩ BSA ϩ preimmune) did not show a significant change in the level of TNF-␣ in the BAL fluids (547Ϯ121 pg/ml) when compared with results obtained from the anti-BSA ϩ BSA group (Fig. 7) . Rats treated with antiserum to IL-1Ra at the commencement of injury ( Fig. 7; anti-BSA ϩ BSA ϩ anti-IL-1Ra) showed no significant difference (P ϭ 0.267) in BAL content of TNF-␣ (671Ϯ51 pg/ml) when compared with the anti-BSA ϩ BSA group (Fig. 7) . Because we observed a trend toward increased TNF-␣ content in the animals treated with antiserum to IL-1Ra, the study was repeated in a companion set of animals (n ϭ 5; data not shown). In this study, TNF-␣ content was 86Ϯ53 pg/ml in anti-BSA alone animals. TNF-␣ content in anti-BSA ϩ BSA animals either untreated (351Ϯ57 pg/ml) or given preimmune serum (436Ϯ156 pg/ml) did not differ significantly (P ϭ 0.33) from those treated with anti-IL-1Ra (505Ϯ80 pg/ml). Thus, in vivo blocking of IL-1Ra affected intrapulmonary production of IL-1␤ but not TNF-␣.
Regulation of IL-1␤ content in BAL fluids by IL-10.
We have previously demonstrated that neutralization of intrinsic IL-10 also results in an augmentation of injury in this model by a mechanism due at least in part to increased TNF-␣ production (15) . Because previous studies suggested that IL-1␤ pro- pg/ml; anti-BSA ϩ BSA) (Fig. 6) , consistent with prior studies (13) . Rats that received 0.5 ml preimmune serum at the initiation of immune complex deposition (anti-BSA ϩ BSA ϩ preimmune) did not show any significant difference in the level of IL-1␤ in the BAL fluids (18.0Ϯ5 pg/ml) when compared with results in the anti-BSA ϩ BSA group (Fig. 6) . However, in rats duction is driven by TNF-␣, we sought to determine the effect of anti-IL-10 on levels of IL-1␤ in BAL fluids obtained 4 h after initiation of lung-inflammatory reactions. These determinations were performed on the samples previously analyzed for TNF-␣ content for which a 53% increase in TNF-␣ was observed (15) . Anti-BSA alone animals had no IL-1␤ detectable in BAL fluids by this assay (Fig. 8) . Intrapulmonary deposition of IgG immune complexes resulted in a significant increase in IL-1␤ (29.2Ϯ4.6 pg/ml; anti-BSA ϩ BSA) (Fig. 8) . Rats receiving 0.5 ml preimmune serum at the initiation of immune complex deposition ( Fig. 8; anti-BSA ϩ BSA ϩ preimmune) did not show any significant difference in the level of IL-1␤ in the BAL fluids (25.1Ϯ5.4 pg/ml) when compared with results in the anti-BSA ϩ BSA group. However, in animals treated with antiserum to IL-10 (anti-BSA ϩ BSA ϩ anti-IL-10), there was a 48% increase (P Ͻ 0.05) in BAL IL-1␤ (43.2Ϯ7.8 pg/ml) when compared with the anti-BSA ϩ BSA group (Fig. 8) . One provisional explanation for this finding may be that TNF-␣ is capable of driving production of IL-1␤ in this model of lung injury; however, this conclusion cannot be made on the basis of the data presented. In addition, whereas IL-10 regulates the in vivo production of both TNF-␣ and IL-1␤, the in vivo regulatory effects of IL-1Ra appear to be restricted to IL-1␤.
Discussion
These studies show that the IL-1Ra is upregulated (as defined by lung content of mRNA as well as by detection of IL-1Ra protein) in the model of acute lung injury after intrapulmonary deposition of IgG immune complexes. The neutralization of intrinsic IL-1Ra by administration of anti-IL-1Ra antibody leads to an augmentation of injury as measured by increased pulmonary vascular permeability and substantially increased numbers of recoverable BAL neutrophils. This augmentation appears to be directly correlated to increased levels of IL-1␤, whereas the TNF-␣ content of BAL fluids is unaffected.
The IL-1 proteins, IL-1α and IL-1␤, are implicated in numerous physiologic host responses to trauma, stress, and infection (1, 2). Many of the actions of IL-1 are proinflammatory and include the ability of IL-1 to stimulate prostaglandin E 2 synthesis (21), to induce neutrophil accumulation (4), to cause fever, and to upregulate endothelial adhesion molecule expression. Given these divergent mechanisms of action, it seemed likely that IL-1 is regulated in vivo. Though there are several unidentified inhibitors of IL-1, one of the best characterized is IL-1Ra. A 22-25-kD inhibitor of IL-1 bioactivity contained in the supernatant fluids of human monocytes adherent to IgG was first reported in 1985 (22) and was subsequently demonstrated to be a competitive inhibitor of binding to the IL-1 receptor (8) . After these studies, this specific inhibitor of IL-1 bioactivity was cloned and functionally expressed (9, 10 ). An identical inhibitor was also identified from a human monomyelocytic cell line stimulated with PMA and GM-CSF (11) . This protein inhibited biologic activity of IL-1 by principally binding to the 80-kD IL-1 type I receptor with an affinity approximately equal to that of IL-1␣ and IL-1␤, without initiating an IL-1-like response (23) . Subsequently, this protein was demonstrated to have significant antiinflammatory activity when infused into animals (24, 25) . IL-1Ra reduced mortality from endotoxin shock in rabbits (26) and mice (27) . In human volunteers, IL-1Ra blocked the usual hypotension and leukopenia observed after endotoxin administration (28) . That IL-1 plays a role in the IgG model of lung inflammation described above was determined by neutralization studies with an anti-IL-1␤ antibody (13) and by the exogenous administration of human IL-1Ra (29) . Since IL-1␤ produced in this model is likely to be regulated and since monocytes adherent to solidphase IgG showed increased IL-1Ra production in vitro (22) , we sought to determine if IL-1Ra was intrinsically produced in vivo in the context of acute lung injury after IgG immune com- plex deposition, and to determine if IL-1Ra has regulatory effects in this model.
By the use of blocking antibody to IL-1Ra, the data suggest that IL-1Ra acts in vivo to downregulate the inflammatory response after intrapulmonary deposition of IgG immune complexes, as evidenced by the increase in pulmonary vascular permeability and increased BAL neutrophil counts. This is the first report of a role for intrinsic IL-1Ra in the context of acute lung injury; however, these findings are consistent with those of other in vivo inflammatory models. For example, intrinsic IL-1Ra has been shown to play a role in limiting the formation of granulomas after intrapulmonary challenge with Schistosoma mansoni eggs (30) . A similar observation was made using a rabbit model of immune colitis in which the administration of neutralizing antibody against rabbit IL-1Ra increased mortality and prolonged intestinal inflammatory responses (31, 32) .
The data provide further insights into regulation of the cytokine network in this acute lung injury model. In this model, IL-1Ra appears to principally regulate IL-1 concentration, since blocking of IL-1Ra with antibody led to a significant increase in IL-1␤ in BAL fluids from rats compared with positive controls in the absence of a significant change in TNF-␣ activity under the same experimental conditions. Though this finding differs from the in vitro observation that IL-1Ra inhibits TNF-␣ production by mononuclear phagocytes in response to endotoxin (33) , it is consistent with the observation in vivo that IL-1Ra administration decreased plasma IL-1␤ and IL-6 levels in a baboon model of endotoxemia without having an effect on TNF-␣ plasma concentrations (34) . Therefore, it appears in vivo that IL-1Ra is able to regulate IL-1␤ independently of any regulation of TNF-␣. Alternatively, it is possible that endogenous IL-1Ra production limits the influx of IL-1␤-producing cells. For example, the administration of human IL1Ra in this model of lung injury was associated with decreased myeloperoxidase content (29) , a marker of neutrophil influx. In this case, the neutralization of intrinsic IL-1Ra would result in increased influx of IL-1␤-producing cells and increased levels of IL-1␤ in BAL fluids.
This mechanism of cytokine regulation differs from that of another autoregulatory cytokine, IL-10. We have previously shown that extrinsically administered IL-10 reduces TNF-␣ levels in BAL fluids in the IgG model of immune complexinduced lung injury (35) , whereas neutralization of intrinsic IL-10 results in an augmentation of injury in this model of lung injury in association with increased BAL fluid content of TNF-␣ (15) . The current studies demonstrate that the increase in TNF-␣ as a result of IL-10 neutralization is accompanied by a similar increase in IL-1␤. This finding is consistent with previous in vivo studies that suggest a temporal relationship between TNF-␣, IL-1␤, and IL-1Ra expression. In experimental endotoxemia in humans, peak TNF-␣ levels are observed at 60-90 min, with return to pretreatment levels by the time IL-1␤ levels are maximal (36, 37) ; peak levels of IL-1␤ occur after 3-4 h, then fall off rapidly (28, 38) . In the same individuals, peak expression of IL-1Ra is observed after 4 h (28, 38) and can exceed the concentration of IL-1␤ by as much as 100-fold (28) . In the model of IgG immune complex alveolitis, this temporal relationship appears to be similar in that peak protein expression of IL-1Ra appears to occur later (6 h) than that for IL-1␤ and TNF-␣.
In the lung injury model described in this report, IL-1Ra was produced by at least two cellular sources. While it is clear that alveolar macrophages produce IL-1Ra constitutively in vitro, there are conflicting reports as to the ability of these mature cell types to increase expression of IL-1Ra in response to inflammatory stimuli such as LPS or TNF-␣ (39) (40) (41) . Despite these observations, alveolar macrophages stimulated in vivo with IgG immune complexes were a significant source of IL1Ra production as identified by immunofluorescent staining. The neutrophil has been identified as a second source of IL1Ra production both in vitro (42, 43) and in vivo in the setting of rheumatoid arthritis (44) . Immunofluorescent staining suggested that the neutrophil serves as a second source of IL-1Ra production in this model of lung injury. Two molecules that have been demonstrated to augment production of IL-1Ra by human monocytes and/or neutrophils are IL-4 (12, 41, 45) and 47) . Exogenously administered IL-4 and IL-10 both resulted in decreased injury in this IgG immune complex model (35) . While the in vitro data suggest that a potential mechanism for this protection is induction of IL-1Ra, this hypothesis remains to be proven. Additional sources of IL-1Ra include epithelial cells, including keratinocytes from which an intracellular form of IL-1Ra has been cloned (48) , although whether this form of IL-1Ra is secreted and plays a role in regulation of inflammatory responses remains to be determined.
These data have important implications for patients with acute lung injury since there are accumulating data that link increased production of IL-1␤ with the development of acute respiratory distress syndrome (49) (50) (51) (52) . Patients with acute respiratory distress syndrome have increased levels of IL-1␤ in BAL fluids and increased production of IL-1␤ by alveolar macrophages (49) . Since IL-1Ra appears to serve as an important regulator of this cytokine, it may be important to determine the level of expression of IL-1Ra compared with IL-1␤ in the context of acute lung injury.
In conclusion, these studies indicate that endogenously produced IL-1Ra contributes to limiting the intensity of the inflammatory response after intrapulmonary deposition of IgG immune complexes.
